Magnetic excitations of spin and orbital moments in cobalt oxide 
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Magnetic and phonon excitations in the antiferromagnet CoO with an unquenched orbital angular 
momentum are studied by neutron scattering. Results of energy scans in several Brillouin zones in 
the (HHL) plane for energy transfers up to 16 THz are presented. The measurements were performed 
in the antiferromagnetic ordered state at 6 K (well below Tjv~290 K) as well as in the paramagnetic 
state at 450 K. Several magnetic excitation modes are identified from the dependence of their 
intensity on wavevector and temperature. Within a Hund's rule model the excitations correspond 
to fluctuations of coupled orbital and spin degrees of freedom whose bandwidth is controlled by 
interionic superexchange. The different <111> ordering domains give rise to several magnetic peaks 
at each wavevector transfer. 
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I. INTRODUCTION 

Transition metal oxides exhibit a wide range of be- 
haviour including colossal magnetoresistance, orbital and 
charge order, superconductivity and formation of high 
spin or low-spin states 1 . These are all related to their 
magnetic properties. Surprisingly, even in simple rock 
salt structure compounds an accepted account of their 
magnetism is still lacking. The theory is least certain and 
most challenging for compounds for which the atomic or- 
bital moment as well as the spin moment contribute to 
their magnetic properties. The magnetic ground state is 
split by spin-orbit interaction, as well as by a spin ex- 
change field that can mix different orbital states and so 
cause a large spin gap in the magnetic excitation spec- 
trum. 

Among transition metal oxides, oxides containing 
cobalt have recently attracted considerable attention 2 -^. 
This is because the Co ion has several different valence 
states (i.e. Co 2+ in CoO, Co 3+ in LiCo0 2 , and Co 4+ in 
C0O2) as well as transitions between high and low spin 
states giving rise to charge ordering, magnetic ordering 
and superconductivity as the crystal field and doping of 
the materials are changed. Neutron scattering is well 
suited to determining the spin-orbit coupling strength 
as well as the exchange. In one of the simplest oxides, 
CoO, however the electronic and magnetic ground state 
is poorly understood^—. 

CoO has a face-centered-cubic rock-salt type structure 
with Fm3m space group in its high temperature param- 
agnetic phase. It orders antiferromagnetically (AF) be- 
low Tat^290 K with the type-II structure^. The transi- 
tion is believed to have a weak first order nature 1 ". Below 
the Neel transition, there is a change to a less symmet- 
ric crystal structure with a monoclinic unit cell. With a 
~1% contraction along a cube edge being the dominant 
distortion, the low temperature phase is usually approx- 
imated by a tetragonal structure. 

In CoO the nearest neighbour antiferromagnetic ex- 
change is frustrated, contributing no molecular field, 
and it is the antiferromagnetic next nearest neighbour 



exchange that breaks the symmetry below Tat. Mag- 
netic ordering occurs with (111) ferromagnetic sheets 
of spins stacking antiferromagnetically along [111] di- 
rections. The ordered moment at low temperature has 
been measured^ to be 3.98(6) Bohr magnetons. It is sug- 
gested^ that the magnetic structure is the result of two 
wavevectors added together but the dominant one has a 
propagating wavevector of Q=(0.5 0.5 0.5) and the di- 
rection of the moment is approximately (-0.325 -0.325 

0. 888). This corresponds to an angle of 27 degrees from 
the (0 1) axis and lies close to the (-1 -1 2) direction 
that is perpendicular to (0.5 0.5 0.5). 

In the earliest measurement of the magnetic excitations 
of single crystalline CoO only two broad spin excitations 
were observed^. The early results were unexpected be- 
cause the magnetic excitations were largely independent 
of temperature and consisted of fiat branches with almost 
no dispersion. A mean field theory was developed that 
had two quite different explanations for the data taken 
at 330 K and 100 K even though the original data was 
very similar. 

Instead the spin excitations should display a rich spec- 
trum. A free Co 2+ ion has a 3d 7 electronic configuration 

1. e. three holes in the d-shell. According to Hund's rule, 
the ground state of this ion has a total spin 5=3/2, and 
total angular momentum L=3. In a crystal field with 
cubic local symmetry, the lowest orbital state is a triplet 
described^ 2 - by an effective angular momentum 1=1. The 
spin-orbit coupling, then, takes the form (-3/2)Ail . S 
where Ai is the free-ion spin-orbit parameter reduced by 
a factor due to covalency. Magnetic excitations corre- 
spond to coupled spin and orbital excitations because 
the orbital angular momentum is unquenched. In the in- 
ternal spin exchange field the total angular momentum, 
j = 1 + S, is no longer a good quantum number and the 
states are split and mixed. Excitations where the orbital 
state has a large change are called spin orbitons. Hence 
the magnetic excitations are mixed and have both spin 
and orbital components. Identification of the different 
modes is rendered complex by the presence of three do- 
mains from the tetragonal compression along each of the 
cubic axes, causing crystal field splitting, and by the four 
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ordering domains associated with the four {111} direc- 
tions of the antiferromagnetic sheets. Moreover the spin 
direction remains an issue. 

In order to understand the magnetic excitations in 
CoO, we have undertaken detailed neutron scattering 
studies of a high quality CoO single crystal in both its 
ordered and paramagnetic states. Our results show that 
there are at least four resolved excitation peaks in the 
spectrum between 4 and 12 THz at 6 K. Comparison 
with the Co 2+ magnetic form factor shows that the three 
higher energy peaks have substantial magnetic weight 
while the lowest energy peak is only weakly magnetic. 
This is also supported by the observed temperature de- 
pendence of these peaks. Our observation of four sharp 
peaks at 6 K differs from the original work that reported^ 
only two broad peaks at 110 K. Thus 110 K was not a 
sufficiently low temperature to observe the many sharp 
excitations seen at the low temperature limit. Our results 
are also an improvement on a recent lower energy reso- 
lution experiment where only two peaks were reported^. 



III. RESULTS AND DISCUSSION 

Fig. Q] shows the observed elastic scattering at Q=(0.5 
0.5 0.5), the ordering wavevector as a function of tem- 
perature. The transition to type II AF order occurs at 
^292 K, similar to previous reports^. 
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II. EXPERIMENT 

A large 10 g high quality single crystal was grown 
at Oxford. We performed inelastic neutron scattering 
measurements at the C5 spectrometer at the NRU reac- 
tor, Chalk River. The crystal was aligned in the (HHL) 
scattering plane. In the first set of experiments (PG- 
PG configuration), we used a vertically focusing PG(002) 
monochromator and flat PG analyzer with a fixed final 
energy E/=3.52 THz with collimations selected to give 
an energy resolution of 0.3 THz at zero energy transfer 
and 1.2 THz at 10 THz energy. To improve resolution in 
the 6 to 12 THz energy range, we later used Be(002) as 
monochromator and PG(002) as analyzer (Be-PG con- 
figuration) with a fixed final energy E/=7.37 THz and 
tighter collimations. The resolution was reduced to 0.8 
THz at 10 THz energy transfer. With this configuration 
similar spectra to the PG-PG configuration were mea- 
sured while the resolution was tight enough to be able 
to distinguish individual modes in the scattering in the 
range 6 to 12 THz. In both configurations higher order 
neutrons were removed by a graphite filter. 

Since phonons may cause additional peaks and inter- 
act with magnetic excitations, we measured the phonon 
and magnetic response also at 450 K with the PG-PG 
configuration. There the magnetic excitations give only 
broad paramagnetic scattering and the phonons appear 
as well-defined peaks. High temperature was important 
in order to eliminate the average exchange field and to 
find the exchange-free energy of the first spin-orbit state 
so as to determine the spin-orbit coupling constant. 



FIG. 1: The temperature dependence of the order parameter 
is determined by measuring the temperature dependence of 
the elastic scattering at (0.5 0.5 0.5) wavevector. This mea- 
surement indicates the transition occurs at ~292 K. The solid 
line is a guide to the eye. 



The magnetic excitations at 6 K are shown in Fig. [5] in 
the frequency range 6 to 12 THz. This data is obtained 
from constant-Q scans similar to scans shown in Fig. [3] 
for reduced wavevectors, (q, q, q), measured with respect 
to (1.5 1.5 0.5) in the (111) direction. These measure- 
ments indicate that there are at least four q=0 peaks 
between 4 and 12 THz at 4.9, 6.5, 7.6 and 9.5 THz. The 
presence of these peaks is confirmed with the high energy 
resolution Be-PG experiment shown in the inset of Fig. [3] 
The zone-centre peak at 9.5 THz is the strongest peak 
and it is broader than both the resolution and the other 
peaks. This indicates that this peak can be the result of 
overlap of two or more peaks. In fact for higher q, this 
peak becomes narrower and it is possible to fit two peaks 
to this excitation, see the fits in Fig. [3l At energies less 
than 4 THz there are no low energy modes of apprecia- 
ble strength at any measured wavevector except for well 
defined phonons near the nuclear Bragg peaks. The peak 
at 4.9 THz exists throughout the Brillouin zone and we 
associate this peak in part with incoherent scattering. 
At small q, the peaks at 6.5, 7.6 and 9.5 THz exhibit 
strong upward dispersion as q increases. Measurements 
from other zones also show similar behaviour, all indi- 
cating that the strongest band of excitations rises from a 
zone-centre energy of 9.5 THz. 

A comparison between the observed intensities at dif- 
ferent wavevectors with the expected values from the 
magnetic form factor can be used to identify magnetic 
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CoO dispersion: 6 K 
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FIG. 2: The magnetic excitations observed at 6 K in the radial 
direction from (1.5 1.5 0.5) for up to 12 THz. Symbols are 
from fits to the constant-q scans similar to Fig. [3] The error 
bar associated with each data point is the FWHM of each 
peak from the fits. 



from phonon excitations. We have calculated the Co 2+ 
magnetic form factor using the tabulated integrals 1 ^ for 
Co 2+ which are in good agreement with experimental 
data for CoOii. The squares of the magnetic form factors 
calculated at several zone centre wavevectors are listed 
in Table 1. Fig. Ufa) shows the observed intensity at 
three zone centres (see Fig. 1 of Ref. 5 for the data at 
a few more zone centres). The observed intensities di- 
vided by the magnetic form factor squared are shown in 
the Fig. IDJb). This analysis indicates that the peak at 
9.5 THz is mainly magnetic in origin. The intensities of 
the peaks at 6.5 and 7.6 THz decrease with increasing Q, 
but by less than the form factor, suggesting the peaks at 
6.5 and 7.6 THz have partial magnetic weight. The peak 
at 4.9 THz is observed to have a similar cross-section at 
(0.5 0.5 1.5), (1.5 1.5 0.5) and (2.5 2.5 0.5) zone centres 
(see Fig. |U[a) and Fig. 1 in ReL-). The coherent cross- 
section for TA phonons with q=<0.5 0.5 0.5> also has 
the same value at these three wavevectors despite their 
different |Q|. Hence we believe that this lowest peak 
arises largely from coherent phonon scattering, as well as 
incoherent phonon scattering since it coincides with the 
possible peak in the density of phonon states 1 ^. 

To separate the phonon from the j = 1 / 2 to j=3/2 spin- 
orbit transition (orbiton) and spin excitations, inelastic 
scans were also performed at 450 K well above the Neel 
transition temperature. The high temperature scans ex- 
hibit well-defined phonons belonging to the transverse 
and longitudinal acoustic modes (TA and LA) and the 
transverse optic (TO) mode. An example in Fig.[5]shows 
the coherent LA phonon at 7.2 THz and the peak from 
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FIG. 3: Constant-Q scans measured at 6 K at (1.5 1.5 
0.5) + (q, q, q) in the (111) direction. The reduced q is noted 
for each scan. The inset shows the higher resolution spin spec- 
trum measured with Be-PG configuration with E/=7.37 THz 
at (1.5 1.5 0.5) at 12 K. There are at least four branches. Fits 
to these branches are shown with solid lines. 



TABLE I: Magnetic form factor squared for Co 2+ at several 
magnetic zone centres^. 

Zone Centre Form Factor Squared 
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the incoherent cobalt vibrational density of states at 4.8 
THz, reduced slightly from its low temperature value 
4 . The dispersion observed for these modes is shown in 
Fig. [5] The phonon frequencies are in reasonable agree- 
ment with the early phonon dispersion measurements 4 
allowing for anharmonic effects at high temperatures. 
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FIG. 4: (a) The magnetic excitations at different zone cen- 
tres as observed at 6 K. (b) The same data is shown after 
form factor correction. The form factor analysis indicates 
that the peak at 9.5 THz is mainly magnetic while the peaks 
at lower frequencies, 6.5 and 7.6 THz, have partial magnetic 
weight. The peak at 4.9 THz appears to have the least mag- 
netic weight. 



The importance of the dispersion, however, lies in the 
fact that one branch of excitations at ~10.2 THz in Fig. [51 
does not correspond to any phonon. Hence it may be 
attributed to a spin orbiton excitation from the j=l/2 
ground state to the j=3/2 excited state, in which the 
coupled Co 2+ spin and orbital moments both change. 
Since the excited state is fourfold degenerate it is likely 
that the orbiton transition that remains well defined at 
large temperatures is the one from the ground state to 
that state whose transition energy is most weakly de- 
pendent on the exchange field. This is because in the 
paramagnetic state at 450 K there are large fluctuations 
about zero of the local exchange field that will broaden 
and render unobservable all other ground state transi- 
tions that depend strongly on local exchange field. An 
orbital transition at 10.2 THz and the Lande interval rule 
imply that the spin-orbit coupling parameter is 4.53 THz, 
reduced to 84% of its free-atom value by covalency. 



FIG. 5: A scan at 450 K for Q = (1.7 1.7 1.7) showing the 
high-frequency orbiton transition at 10.2 THz, a LA phonon 
at 7.2 THz and an incoherent peak from cobalt vibrations at 
4.8 THz. 



Magnetic excitations of CoO have also been studied 
with optical spectroscop y 16 ! 17 . A comparison of the fre- 
quencies observed with this technique to the frequencies 
observed with neutron scattering can provide further ev- 
idence for the origin of the observed peaks. Optical spec- 
troscopy measurements have indicated that well into the 
AF phase, there are three magnetic excitations at 6.63, 
7.50 and 8.84 THz. The frequencies of the excitations 
observed at 6.63 and 7.50 THz coincide with the two of 
the peaks we have observed. The high frequency excita- 
tion observed at 8.84 THz with optical spectroscopy has 
a different frequency from that observed with neutron 
scattering. We consider that this is confirmation that 
this mode arise from the zone boundaries of the magnetic 
zone from domains whose ordering wave vectors are not 
(0.5 0.5 0.5). 

We have developed a model for the cobalt spin and or- 
bital excitations that enables us to identify which is the 
exchange-insensitive spin-orbit transition. The high-spin 
and high-angular momentum of the Hund's rule model 
yields atomic states that couple together to give a band 
of magnetic dipole excitations that carry both spin and 
orbital weight. A second inference within the Hund's 
rule model is that the spin orbiton becomes, in the or- 
dered antiferromagnetic state, a transition of symmetry, 
S + (S _ ), that is, it is a spin excitation that raises (low- 
ers) the spin on a spin-up (spin-down) site rather than a 
conventional spin wave that turns an aligned spin down. 

With an ordering wavevector of the form <0.5 0.5 0.5> 
there are four possible spin ordering domains. Within 
each domain there are several bands of spin excitations to 
states controlled by the exchange, spin-orbit and crystal 
field. Our numerical calculations of the magnetic modes 
within the Hund's rule model show that the two out-of- 
plane domains have the same frequency so that the four 
spin domains then give rise to only three frequencies for 
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Cobalt Oxide dispersion at 450 K 
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FIG. 6: The high-temperature dispersion relations for excita- 
tions in cobalt oxide. The lines describe the expected phonons 
of the transverse acoustic, longitudinal acoustic and trans- 
verse optic branches. The branch of constant frequency, E, 
is understood to arise from the incoherent scattering from 
cobalt nuclei whose density of vibrational states peaks at ~5 
THz. The constant frequency branch at ~10 THz is believed 
to be the spin orbital transition from the ground double to 
the lowest spin-orbit state. 



Our calculation leads to a model that has the same struc- 
ture as in Refsi^i^ and adopted by£ but with parameters 
that are different from both earlier references^. Details 
of the theoretical model will be published elsewhere. 



IV. CONCLUSION 

We have studied the magnetic, orbiton and phonon 
excitations in orbitally active CoO. Our measurements at 
the magnetic zone centres indicate that there is a large 
anisotropy gap exceeding 4 THz. This gap arises from 
large exchange-induced mixing of the j=3/2 spin-orbit 
states into the j—l/2 ground doublet. Between 4 and 14 
THz, we find at least four peaks. From measurements as 
a function of Q and temperature, we have identified three 
largely magnetic excitations at 6.5, 7.6 and 9.5 THz. The 
peak at 4.9 THz also has some magnetic weight but it 
largely carries phonon amplitude. A possible spin orbiton 
excitation at 10.2 THz in the paramagnetic phase has 
been identified. 
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